Transactive response DNA binding protein-43 (TDP-43) is known to mediate neurodegeneration 60 associated with amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration (FTLD). The 61 exact mechanism by which TDP-43 exerts toxicity in the brains of affected patients remains unclear. In 62 a novel Drosophila melanogaster model, we report gain-of-function phenotypes due to misexpression of 63 insect codon-optimized version of human wild-type TDP-43 (CO-TDP-43) using both the binary 64 GAL4/UAS system and direct promoter fusion constructs. The CO-TDP-43 model showed robust tissue 65 specific phenotypes in the adult eye, wing, and bristles in the notum. Compared to non-codon optimized 66 transgenic flies, the CO-TDP-43 flies produced increased amount of high molecular weight protein, 67 exhibited pathogenic phenotypes, and showed cytoplasmic aggregation with both nuclear and 68 cytoplasmic expression of TDP-43. Further characterization of the adult retina showed a disruption in 69 the morphology and function of the photoreceptor neurons with the presence of acidic vacuoles that are 70 characteristic of autophagy. Based on our observations, we propose that TDP-43 has the propensity to 71 form toxic protein aggregates via a gain-of-function mechanism, and such toxic overload leads to 72 activation of protein degradation pathways such as autophagy. The novel codon optimized TDP-43 73
INTRODUCTION 81
Transactive response DNA binding protein- , encoded by TARDBP gene in the human 82 genome, has been identified as a major component for the pathology of motor neuron diseases and provided in 1-s pulses. The data was recorded using Clampex software (version 10.1; Axon Instruments) 219 and measured and analyzed using Clampfit software (version 10.2; Axon Instruments).
220
Microscopy 221 The adult eye, wing and bristle pictures were taken with a Nikon AZ100M microscope equipped with a 222 Nikon DS-Fi1 digital camera (Nikon Instruments, Melville, NY, USA). Extended depth of focus (EDF) 223 and volumetric images were taken using the Nikon NIS-Elements AR 3.0 software as previously Codon-optimized wild-type TDP-43 flies exhibit an age-dependent robust eye phenotype 245 We generated multiple codon-optimized CO-TDP-43 transgenic fly lines to investigate TDP-43 246 mediated neurodegeneration. We utilized both the yeast GAL4/UAS binary system (Brand and Perrimon 247 1993) and a glass (gl) promoter direct fusion construct specifically generated to study TDP-43 mediated 248 effects on the fly retina ( Fig. 1A-B ). In addition, we also used another eye promoter, Sevenless (SevEP-249 GAL4), that only expresses in a subset of photoreceptor neurons (R7 and R8) and cone cells (Therrien et 250 al. 1999) . To highlight the robust effect observed in our CO-TDP-43 lines, we compared the phenotypes 251 to a previously reported human TDP-43 transgenic line, which we denote as non-CO-TDP- 43 (Lu et al. 252 2009; Choksi et al. 2014) .
253
Heterozygous expression of CO-TDP-43 using the gl promoter caused depigmentation, 254 roughness, disruption of polarity, and loss of inter-ommatidial bristles ( Fig. 1F and J) . The CO-TDP-43 255 expressed using SevEP-GAL4 showed a similar but milder phenotype of the eye ( Fig. 1E and I) . In 256 comparison to the CO-TDP-43 flies, the non-CO-TDP-43 transgenic flies ( Fig. 1 D and H) did not show 257 a robust eye phenotype and appeared to be similar in morphology to the wild-type control flies ( Fig. 1C   258 and G). Interestingly, the eye phenotype observed with heterozygous gl-CO-TDP-43 flies were age 259 dependent. At day-1 post-eclosion, CO-TDP-43 exhibited a mild phenotype (Fig. 1L ) that worsened by 260 day 10 ( Fig. 1M) . In contrast, flies with two copies of the CO-TDP-43 transgene showed a strong 261 phenotype at day-1 post-eclosion, with apparent necrotic patches or hyperpigmentation that worsened 262 with age ( Fig. 1M , white arrowheads). In addition, the CO-TDP-43 flies with either one or two copies of 263 the TDP-43 transgene showed less eye volume than wild-type control flies at day-1 post-eclosion (Fig. 264 1O and P). We also found that overexpression of CO-TDP-43 using GMR-GAL4 driver led to pupal 265 lethality at 18°C and 25°C ( Supplemental Table S1 ), with some escapers at 18°C that showed necrotic 266 patches (Supplemental Fig. S1 ). Taken together, our results showed that CO-TDP-43 transgenic flies al. 2005) . Similarly, we previously showed that misexpression of fly dVAP33, a gene linked to ALS, 279 using sca-GAL4 leads to loss of notal macrochaetae (Ratnaparkhi et al. 2008) . To further investigate the 280 phenotypic effects of CO-TDP-43 on sensory precursor cells of the wing and notum, we used multiple 281 wing and bristle drivers to misexpress TDP-43 protein, including beadex MS1096 -GAL4 (bx MS1096 -GAL4), 282 sca-GAL4, equate-GAL4 (eq-GAL4), and CCAP-GAL4. We found that non-CO-TDP-43 transgene 283 expressed using bx MS1096 -GAL4 led to viable adults with shriveled wings, with some flies having wings 284 that were either necrotic or had areas of hyperpigmentation ( Fig. 2B) . In contrast, CO-TDP-43 flies 285 using the same driver exhibited a more severe phenotype, with pharate adults and very small and 286 severely malformed wings with necrotic or hypermelanized patches ( Fig. 2C) . Interestingly, unlike the 287 previously reported model of ALS, neither non-CO-TDP-43 nor CO-TDP-43 had any effect on 288 macrochaetae (bristles) on the notum when misexpressed using sca-GAL4 driver. Instead, the CO-TDP-289 43 transgenic flies produced pharate adults with necrotic wings that were unable to expand (Fig. 2F) . 290 Since we failed to see an effect of TDP-43 on macrochaetae using sca-GAL4, we used another bristle-291 specific driver, eq-GAL4, to misexpress non-CO and CO-TDP-43 in the fly notum (Tang and Sun 292 2002). While both control and non-CO-TDP-43 flies showed normal macrochaetae formation ( Fig. 2J   293 and K), CO-TDP-43 showed a dramatic loss or defective notal macrochaetae ( Fig. 2L) . Furthermore, (Fig. 3A, lane 5) , also demonstrated a robust eye phenotype (Fig. 1) and was therefore used in SevEP-GAL4 to overexpress CO-TDP-43 did not show an increase in total TDP-43 expression, since it 315 is only expressed in a subset of photoreceptor neurons (Fig. 3A, lane 8) . 
328
The distinctive pathology of TDP-43 mediated neurodegeneration involves its mislocalization to 329 the cytoplasm and loss of normal nuclear expression (Neumann et al. 2006; Lee et al. 2012) . Therefore, 330 we further investigated the localization of CO-TDP-43 in neuronal cells. When co-stained with Elav and 331 TDP-43, the eye discs showed higher nuclear and cytoplasmic expression of TDP-43 in both CO-TDP-332 43 lines (gl and SevEP-GAL4 driven) compared to non-CO-TDP-43 flies. In particular, the gl driven 333 CO-TDP-43 flies showed a more robust mislocalization of TDP-43 in the cytoplasm along with 334 cytoplasmic aggregates (Fig. 3G, 3I-L) . Overall, these observations indicate that a higher level of TDP- Fig. 4E and I) . In addition, we found that these photoreceptor neurons were 353 accompanied by large vacuolar structures, and co-staining with Elav revealed that TDP-43 was localized 354 both in the nucleus and in the cytoplasm (Fig. 4I-L) . 355 To investigate the physiological functions of these photoreceptor neurons, we used we investigated whether CO-TDP-43 misexpression affects neuronal functionality compared to wild-361 type and GMR-RFP controls (Fig. 4M-O) . The gl-TDP-43 CO3 flies demonstrated a reduction in both the 362 amplitude of ERG in "on transient" and evoked depolarization at day-1 post-eclosion ( Fig. 4P and Q) . 363 These effects were not observed with either control. Taken together, these results strongly suggest that 364 CO-TDP-43 misexpression causes structural and functional degenerative phenotypes in the adult retina. . 5D ), suggesting increases in autophagosomes due to elevated levels of TDP-376 43.
377
To further characterize the large vacuoles, we coexpressed CO-TDP-43 and a tagged autophagy 378 protein, Atg5-GFP, which is responsible for the formation of the autophagosomes. We found that these 379 vacuoles were positive for both Atg5 and TDP-43 ( Fig. 5E-H) . During autophagy, autophagosomes 380 merge with lysosomes to become autolysosomes and are acidified to degrade proteinaceous waste 381 materials (Zhang et al. 2013) . To determine if the autophagosomes observed were mature and functional 382 autolysosomes, we used the Atg8-mCherry-GFP tandem reporter to assay the relative acidity of the 383 autophagosome/autolysosomes. Atg8-mCherry-GFP is a tandem reporter that detects Atg8, which is 384 localized in autophagic intermediates, and a pH-sensitive GFP that only emits a signal at a neutral pH 385 (Filimonenko et al. 2007 ). This is a useful tool to help understand whether the large vacuoles observed 386 in our CO-TDP-43 flies were autophagic as well as acidic, which is characteristic of autophagic 387 intermediates. We coexpressed CO-TDP-43 with the tandem reporter and found that the larger punctae 388 were positive for Atg8-mCherry, while only a subset of the relatively smaller punctae were stained with 389 GFP, indicating non-acidic compartments (Fig. 5I-K) . In contrast, the majority of the punctae that were 390 larger in size were only fluorescent for Atg8-mCherry ( Fig. 5I-K) , indicating more acidic and mature 391 autolysosomes. These results suggest that misexpression of CO-TDP-43 leads to increased acidic 392 lysosomal vacuoles that are indicative of autophagy upregulation. To date, very little is known about the exact mechanism of action of TDP-43 mediated toxicity. Here, 407 we report a novel transgenic Drosophila melanogaster resource to better understand TDP-43 mediated 408 neurodegeneration. There is great potential for the codon optimized TDP-43 model, as it exhibits robust 409 and sensitive phenotypes ideal for genetic manipulations that allow us to understand its pathogenic 410 mechanisms in an in vivo system. Our results suggest that this model has important utility in 411 understanding the TDP-43 mediated pathology in neurodegenerative disorders.
412
Firstly, while previous studies using fly models helped us understand how the protein leads to 413 toxicity and eventual neurodegeneration, there are several limitations associated with them. The reported 414 models using fly lines overexpressing wild-type TDP-43 did not show strong phenotypes, and 415 conclusions drawn from the fly studies depend heavily upon lines containing pathogenic variants (Lu et 416 al. 2009; Li et al. 2010; Ritson et al. 2010; Voigt et al. 2010; Miguel et al. 2011; Langellotti et al. 2016; 417 Chang and Morton 2017). Similar to published reports, we were previously unable to show any robust 418 phenotypes with the wild-type human transgenic TDP-43 flies (Choksi et al. 2014) . As a majority of 419 ALS and FTLD cases do not carry known pathogenic mutations, it is critical to understand the 420 mechanism by which the wild-type TDP-43 drives the disease. Compared to previously reported wild-421 type TDP-43 models, codon-optimized TDP-43 flies exhibit robust eye, wing, and bristle phenotypes, 422 mirroring disease-specific characteristics of TDP-43 (summarized in Table 1 ). Our findings are in line 423 with previous studies that associated pathogenic mutations in TDP-43 to severely damaged sensory ; Guo et al. 2011; Lee et al. 2012; Choksi et al. 2014 ). Our study is unique in that it showed a 455 similar accumulation of toxic aggregates with wild-type human TDP-43 protein. Our codon-optimized 456 lines yield a higher level of TDP-43 protein expression compared to non-codon optimized lines and 457 therefore display more robust toxic phenotypes. This is unsurprising, considering that there have been 458 reports in both sporadic and familial cases of FTLD of increased TDP-43 expression in patient brain 459 tissues (Mishra et al. 2007; Gitcho et al. 2009 ). Hence, there is a possibility that TDP-43 has a dosage-460 dependent effect on its propensity to form toxic aggregates. Several groups have further shown that 461 cytoplasmic mislocalization of TDP-43 causes neuronal toxicity (Shan et al. 2009; Barmada et al. 2010) .
462
Previously, we have been able to show such robust mislocalization of TDP-43 only with disease-specific 463 mutant hTDP-43 Q331K flies (Choksi et al. 2014) . In keeping with these observations, the disease-464 specific, dysfunctional phenotypes that we observed with misexpression of wild-type TDP-43 in our 465 codon optimized model offer a great resource to study the cellular processes that could be involved with 466 ALS/FTLD.
467
Fourthly, in our codon-optimized TDP-43 model, we observed an increase in acidic vacuoles, as 468 evident by lysotracker staining, that are positive for autophagic proteins ATG5 and ATG8 known to be 469 involved in the formation of early and late stage autophagosomes (CITE). As misfolded proteins or toxic 470 protein aggregates are typically cleared by autophagy, a disruption in the cellular process can lead to the 471 accumulation of toxic protein aggregates, which has been linked to many neurodegenerative diseases, 
